Abstract: For most orbital maneuvers, small satellites in the sub-10 kg range require thrusters capable of spanning the micro-Newton to milli-Newton force range. At this scale, electrokinetic (EK) pumping offers precise metering of monergolic or hypergolic liquid propellants under purely electrical control at pressures and flow rates well-suited to microthruster applications. We have demonstrated direct and indirect EK pumping for delivery of anhydrous hydrazine and hydrogen peroxide monopropellants, respectively, into capillary-based microthrusters with integrated in-line catalyst beds. Catalytic decomposition generates gases which accelerate through a plasma-formed converging-diverging nozzle, producing thrust. Specific impulses up to 190 s have been shown for hydrazine in non-optimized nozzles.
INTRODUCTION
Advances in the miniaturization of electronics. power systems, and sensors have made small satellites (<10 kg) increasingly popular in the academic and research community as costeffective alternatives to more conventional largeu :°t scale platforms. To be useful, these miniature satellites require propulsion systems which are light, compact, and capable of delivering thrust in the micro-Newton to milli-Newton range. At this scale, microsystem technologies represent a key enabler of spaceborne propulsion systems.
Mueller [1] provided an overview of a variety of proposed microthruster concepts, ranging frorn cold gas, resistojet, and liquid propellant designs [2] to solid propellant digital thrusters [3] and plasma or electric schemes. Among these options. liquid monopropellant designs offer a wellrounded balance of efficiency, low mass, smal size, low power, and operational flexibility.
MONOPROPELLANT THRUSTERS
One of the most common approaches tc spaceborne macropropulsion is the hydrazine monopropellant thruster. Liquid hydrazine is pumped through a high surface-area catalyst bec of iridium-coated granular alumina (e.g. Shell-405) where it decomposes energetically to nitrogen, hydrogen, and ammonia gas. Fig. 7 shows specific impulse performance (Isp in thrust force per propellant weight-flow-rate, i.e. seconds) of a capillary microthruster with hydrazine delivered by syringe pump at various flow rates. While the indicated specific impulse performance compares favorably to cold gas and resistojet designs (-30-100 s) and matches the performance of hydrogen peroxide microthrusters ( 110 s), it falls short of the -220 s specific impulse characteristic of macroscale hydrazine systems [1] . At present, no results for hydrazine microthrusters of comparable scale (tN-mN) have been published. Most likely the discrepancy in Isp arises because the nozzle throat is too large (tens of microns) to achieve sonic flow in the throat and supersonic exit velocities within this flow regime. Nozzle optimization should enable higher specific impulse values at these lower flow rates. Fig. 8 shows a time sequence of thrust experiments with hydrazine delivered by indirect EK pumping. Pump flow rate is increased from a baseline of 16 ctL/min to 27, 51, 67, and 82 tL/min with corresponding increases in pressure and thrust. subsystem is estimated to weigh less than 10 g and occupy less than 5 cm3.
Future work will seek to optimize capillarybased designs for improved specific impulse, minimum impulse bit, catalyst/nozzle lifetime, and repeatability of fabrication. Alternative architectures are also under evaluation including the low-temperature co-fired ceramic (LTCC) and lithographically patterned quartz microthruster designs shown in Fig. 9 . 
CONCLUSIONS & FUTURE WORK
Direct electrokinetic pumping of hydrazine through capillary microthrusters with integrated iridium catalyst beds and plasma arc-formed nozzles has been demonstrated. These preliminary designs have yielded thrust forces in a range from 10 tN to as much as 3 mN with characteristic specific impulse numbers averaging about 125 s depending on hydrazine flow rate. Including pump and miniature high-voltage power supply, the entire liquid propellant microthruster
